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Introduction 

Prostheses have been implanted in our society as a solution to grant people with physical disabilities 
the possibility of partially regain the functions they lost because of an accident, medical procedure or 
birth defect. Nowadays, most of the prostheses currently available or in development are not capable 
of totally replace all the functions of the original human part, and those which are close to obtain 
these results are normally really expensive for the public to access them. However, as technologies 
advance, new ways of manufacturing have become cheaper and more accessible, and in the prosthesis 
area, FDM printing (Fused Deposition Modeling) has proved to be a breakthrough in prosthesis 
development and fabrication. In that regard, this project has the objective of contributing in this area 
with the design of a hand and forearm prosthesis with movement, that can be electrically controlled 
based on myographical signals. 

Traditionally, the development of any kind of prosthesis was difficult. Not only precise measurements 
of the body of the customer were necessary, but the manufacturing processes to obtain the organic 
forms needed were expensive and time-consuming. Most prostheses currently sold in a health supply 
store are constructed using molds, which then are residues of the final product. Additive 
manufacturing is expanding throughout the industry because of the easiness of implementation, the 
fast production of prototypes and the high efficiency in the use of raw material. A quick CAD model 
can be obtained in a few hours, and the printing of that model can be achieved in half a day on plastic 
FDM printers. But not only the manufacturing processes have evolved, the ways to obtain accurate 
data have been updated to current times. It is possible to obtain a model of the part that needs the 
prosthesis using 3D scanners, such as Artec EVA, and even using simple cameras with programs like 
Autodesk Memento. Furthermore, general public (such as the author of this work) has access to FDM 
printers, and is sharing models in platforms such as Thingiverse. Nowadays, in the era of information, 
people are helping other people just by sharing their solutions to problems like adaptors, stands, car 
parts, etc., and prosthesis has been a recurring topic in this community. 
 
Designing a hand prosthesis is not a simple task, as currently you have to choose between which 
movements the hand will be able to articulate, how to power these movements, sensors that you would 
implement, electronics and batteries, all in a rather small space. Several models use strings to move 
the fingers, but using this type of control has mainly two problems: 
 

1. First, it is difficult to perform complicated movements. Most of the string-based hands have 
only one motor per finger, which results always in the same retract and extend the movement 
of the finger. This makes it useful to grab simple objects, like cylinders, but there is not a 
solution to problems like typing, grabbing difficult geometries and so on. 

2. Secondly, most of the string-based prosthesis motors are located in the forearm, taking space 
from the missing limb. This can be a problem in persons who have most of the forearm intact, 
as they will not be able to fit the motors in the shell.  
 

Because of these reasons, a directly driven servo finger strategy will be adopted. Fingers will have 
movement done by two hobby-grade servomotors. This will produce more complicated movements 
while maintaining the cost low. However, as it will be discussed, further conclusions will be written 
in terms of reliability, grip strength and size. 
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Designing the forearm has also some difficulties. You must be aware that each amputation leaves a 
different form in the missing arm. Forearm prosthesis should be flexible to adapt to different people, 
and the possibility of integrating internal support to stabilize the arm should be considered. Also, 
ventilation holes, mechanical resistance and roughness are important parameters, as these pieces will 
be in direct contact with the skin. There are several solutions available in the form of medical plastics 
that can be used in FDM printing that will be discussed in this document, but the prototype will only 
use PLA as the main polymer for its structure. 
 
In terms of control, two different parts can be distinguished. The first part is related to the movement 
of the hand, how to send signals to the servomotors and control the power received to them. This is 
done using an Arduino Nano IoT as the microcontroller, and power is delivered via a laboratory 
power supply, with the possibility of also using an internal power cell. The second part will be related 
to the way of decoding the myographical signals obtained in the arm of the subject and how to transmit 
that information to the arm. In this case, no real-time data will be taken. Instead, a data repository 
from the website Kaggle is used, containing the data necessary to distinguish between four different 
gestures. These gestures are rock, paper, scissors and okay. As simple as they might seem, being able 
to differentiate between them using just myographs is not a task normal computer programs can do. 
To solve this problem, the use of Neural Networks is a necessity. These networks are then tested to 
show its accuracy, as well as how much time does it take the complete the training process. Test data 
then is sent to the arm to demonstrate the theoretical behavior of the prosthesis in the real world. 
 
As said previously, one of the fundamental parts that will not be developed in this document is how 
to obtain the data directly from the forearm. The author of this work considers that, even though it is 
necessary to study this subject in order to complete the prosthesis as a product, this part alone will 
consume too much time and will be better suited for another project.  
 
Overall, this project presents one more alternative in a sea of hand and forearm prosthesis. Further 
development in this subject may result in a product or an open-source model that the public could use 
to replace the missing hand they should have. Maybe in the future, the possibility of replacing healthy 
human limbs for bionic prosthesis is something public adopted, as the possibility of living with 
intelligent machines becomes more and more real as time passes. Development in human-machine 
interfaces is a field of study in quick expansion, and hand prosthesis is just the tip of the iceberg. 
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1. Design and manufacturing of the hand and forearm prosthesis 

In this part, there is a brief explanation in the history of prosthesis and the different types of prosthesis 
currently available, a discussion about the hand and forearm physical characteristics and the measures 
taken in the design of the prosthesis, and an explanation about the manufacturing processes chosen 
to fabricate the prosthesis, in this case, FDM printing. 

1.1. History and types of prosthesis. State of the art 

The word prosthesis comes from Ancient Greek prosthesis, meaning addition, implantation. A 
prosthesis is a device suited to replace a missing body part, and tries to regain as many functions of 
the original limb as possible or intended [1]. The history of these inventions takes us back to Ancient 
Egypt and Iran, where eyes prosthesis were found in crypts dated around 3000 B.C. There was also 
foot prosthesis found around 1200 B.C., like the mention to the Queen Vishpla which lost a foot in 
the battlefield, then replaced by an iron foot [2]. Most of the first prosthesis produced were made 
using wood and metals such as iron. 

There are other cases of prosthesis development and evolution before the 20th century, like François 
de la Noue (16th century), which is reported to have an iron hand, or the Desoutter Brothers, who 
made the first aluminum prosthesis. Probably we can include in this list the wooden legs and hooks 
used by pirates, but it may just be a Hollywood dramatization. Nevertheless, after World War II, the 
increasing number of amputees resulted in the development of new prostheses, especially leg 
prostheses. The University of California, Berkeley, developed a socket system for detachable legs 
called CATCAM (Contoured Adducted Trochanteric-Controlled Alignment Method), whose 
evolutions are still used nowadays. More recently, in the 90s, microprocessor-controlled knees 
became accessible for the public. Nowadays, new technologies for leg prosthesis are being developed, 
such as Amparo Confidence sockets, which uses thermoplastics to improve the cost and 
manufacturing speed [1]. 
 
Hand prosthesis, however, did not have much development before the 21st century. DARPA ( U.S. 
Defense Advanced Research Projects Agency) started the Revolutionizing Prosthesis Program in 
2005. In this program, people like Jonathan Kuniholm have been to develop a hand active prosthesis 
neurally controlled, which he trained playing games like Guitar Hero [3]. With the commercialization 
of 3D printers and new manufacturing techniques, various maker teams have developed new and 
exciting prosthesis being challenged in the Cybathlon (ref. Figure 1), a competition held in the ETH 
of Zurich, in which both the athlete and the prosthesis (being leg prosthesis, hand ones, or other types) 
are tested to the limits to see how further have we advance in the objective of obtaining “almost 
human” prosthesis. 

 

Figure 1. Cybathlon logo, from the ETH Website 
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In reference to the types of prosthesis, we can distinguish between lower limb prosthesis and upper 
limb prosthesis: 

• Lower limb prosthesis includes hip prosthesis, transfemoral prosthesis, knee disarticulation, 
transtibial prosthesis, ankle disarticulation, and foot prosthesis, between others. It is mostly 
separated in above the knee prosthesis and below the knee, as the knee is one of the most 
difficult parts to replace in the leg appropriately, resulting in harder movements when missing.  

• Upper limb prosthesis includes shoulder disarticulation, transhumeral prosthesis, elbow 
disarticulation, transradial prosthesis, wrist disarticulation and hand prosthesis, between 
others. It is in this category that we can also distinguish different types of prosthesis depending 
on its function [4]: 

a. Conventional or Body Powered Hand Prosthesis. This type of prosthesis uses a harness 
system, triggered by another part of the body. They are simpler and lighter than 
myoelectric ones, but that also inhibits the possibility of complex movements. 

b. Myoelectric Hand Prosthesis. This type of hands integrates a processor, a battery unit, 
and motors that can move the fingers of the hand, sometimes even the wrist. They are 
controlled taking EMG (Electromyography) from electrodes connected to the skin. 

c. Cosmetic (Passive) Hand Prosthesis. It is only used as a cosmetic replacement, 
replicating the original one. They can perform basic functions, sometimes even 
grabbing things, but normally they do not have any movable parts. 

d. Hybrid prosthesis. This type of prosthesis combines both the myoelectrical and the 
conventional prosthesis, resulting in a more versatile tool. 

e. Adaptive Hand Prosthesis. These prostheses are especially suited for an activity, such 
as a sport, or driving. 
Examples of all the upper limb prosthesis mentioned are displayed in Figure 2. 

In this report the prosthesis developed is an upper limb one, suited for transradial prosthesis and 
wrist disarticulation (further explanation in the following section). It is a myoelectric hand 
prosthesis, however, as previously explained, no signals will be taken from a person. Instead, a 
data repository is used, but it is expected that the system could be implemented in a subject with 
minimal changes, and more specialized training. 

 

Figure 2. Examples of the prosthesis previously mentioned, from top left to bottom right: Conventional, 
Myoelectric, Passive and Adaptative 
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1.2. Design of the Forearm 

1.2.1 Forearm anatomy. Types of amputation in the forearm.  

Medically, the forehand is the section of the upper limb that comprehends between the wrist and the 
elbow. Apart from the blood vessels, 3 principal components can be distinguished in the forearm [5]: 

• Bones. The two bones located in the forearm are the radius and the ulna. The ulna is located 
closest to the pinky, and stays stationary, while the radius can twist inside the forearm, 
allowing the wrist to twist. 

• Muscles. There are three layers of muscles inside the forearm, depending on the closeness to 
the bones (ref. Figure 3). The principal muscles will be discussed here: 

a. Superficial Layer: Composed by the flexor carpi ulnaris (it adducts/extends the wrist), 
the flexor carpi radialis (also helps with the adduction/extension of the wrist) and the 
pronator teres (allows the palm rotation). Some people may also have the palmaris 
longus (same function as the flexor carpi). 

b. Intermediate Layer: Composed by the flexor digitorum superficialis (controls the 
movement of the fingers, except the thumb). 

c. Deep Compartment: Composed by the flexor digitorum profundus (helps the finger 
movement, and the wrist movement), the flexor pollicis longus (flexes the thumb) and 
the pronator quadratura (similar to the pronator teres). 

• Nerves. The principal ones are the radial nerve (stimulates the thumb and wrist), the ulnar 
nerve (also stimulates hand and wrist) and the median nerve (provides movement to the 
forearm, wrist, and hand, also most of the sensations from the fingers). 

 

Figure 3. Muscle representation in the forearm, from blog.handcare.org 

Regarding amputations, this document only focus on the types of amputations the prosthesis is 
thought to be useful, being those the wrist and transradial. When someone needs to have his forearm 
removed, it is very important to maintain as much as the healthy limb as possible. This is a way to 
increase mobility, but also facilitates the proper attachment of the prosthesis. Forearm amputations 
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can be described as very short, short, medium, and long, depending on the number of inches left in 
the forearm (ref. Figure 4). Leaving a minimum of length in the forearm is important, because if the 
cut is close enough to the elbow, this articulation may have reduced mobility or no mobility at all.   
However, this may be difficult as not only healthy bone is required for a successful operation. Soft 
tissue (referring to the skin and muscles) need to have a sufficient length to envelop the affected area. 
Sometimes, also a metallic implant may be placed in the amputation to increase the fitting of the 
prosthesis [6]. 

 

Figure 4. Length of the different amputations possible in the forearm, from AAOS  

 
1.2.2 Forearm measurements. CAD 3D Model of the forearm and the forearm prosthesis 

Previous research done by the author shows no signs of a general guideline in the measurements of 
the forearm taken for a prosthesis, neither general studies about forearm typical form, length, and 
width. Most of the forearm prosthesis implies either a 3D scan or a mold, which can be made 
enveloping the amputation and then pouring foam directly [7]. 

Therefore, most of the procedures done by the author to make a model of the forearm are based on 
measures taken directly from his right forearm, and intuition. This model was then adjusted with the 
real one once the prototype was successfully made (ref. Figure 5). General guidelines followed in this 
development include: 

• The 3D model of the forearm should be adjusted attending to the shape and characteristics of 
the muscles. Measuring from wrist to the middle of the forearm, a “cone” with an oval base 
may be distinguished, but when going from the middle of the forearm to the elbow, the flexor 
carpi ulnaris curves this geometrical shape, so the model should reflect that curve.   

• Even though transversal sections of the forearm can be shaped like ovals, these are not 
concentric. It is necessary to slightly offset the centers in the plane formed by the hand palm. 

• Forearm measures should be taken while the arm is in a relaxed position, which means, 
“hanging from the shoulder”, and with the palm parallel to the body. 

The measures taken for forearm modeling are shown in Table 1. 
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 Measurement (in mm) 

Forearm length 240 

Forearm width (elbow) 106 

Forearm thickness (elbow) 87 

Forearm width (middle section) 78 

Forearm thickness (middle section) 70 

Forearm width (wrist) 62 

Forearm thickness (wrist) 47 

Oval Offset 8 

Table 1. Measurements from the forearm 

 

Figure 5. Transversal view of the sections of the modeled forearm, and 3D model 

The prosthesis was designed based on the forearm model presented. It is made of three panels of PLA 
polymer. Holes for proper adjust with Velcro straps were added, as well as a connection with the 
prosthetic wrist articulation (model in the 1.2.4 section). Ventilation holes are present for better 
sudation. If further adjustments were needed, holes for connection with the upper arm part are also 
included, so a support structure could be easily fitted. CAD model is displayed in Figure 6. 

 

Figure 6. 3D model of the forearm prosthesis, black polymer appearance 
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As previously stated, this prosthesis would be better suited for people with wrist disarticulation or 
long to medium transradial amputation. However, other solutions can be implemented in order to 
improve the fit for people with those amputations: 

• Holes can be implemented in the interior surface to hold flexible structures that ensure the 
forearm is completely fixed to the user. These flexible structures can be made using TPU, 
which can be printed in FDM printers, so it is possible to model them using CAD software. 
This solution will be implemented in future versions of the forearm. 

• These holes can be also used to hold myoelectric sensors that can be in direct contact with the 
skin. Sensor data would be then acquired and use by the microcontroller to move the prosthetic 
hand. 

 
1.2.3 Hand and wrist anatomy   

The hand is a demanding part of our body, and one of the most important, as it is constantly used to 
grab, push, write, and other tasks that require incredible precision, fast movements and a decent 
amount of force. Nowadays, it is one of the biological systems which have not been totally mimicked 
by a robotic one. This is because of its complexity. With more than 20 independent degrees of 
freedom and 30 muscles used as actuators [8], it seems unlikely that a robotic system can incorporate 
all those functions (plus touch feedback) in such a small place. Nevertheless, this is probably a 
challenge that will be surpassed in the following decade. 

The wrist is also responsible for great part of the movements of the hand, including rotation and pivot. 
It is mainly composed by [9]: 

• Carpal bones. These bones are arranged in two rows: 
a. the pisiform, triquetrum, lunate and scaphoid, that are connected to the radius and 

ulna. 
b. the hamate, capitate, trapezoid and trapezium, connected to the metacarpals of the 

hand. 
• Ligaments. The ligaments connected to the wrist are the radial and ulnar collateral ligaments, 

the volar radiocarpal ligaments (palm support), the dorsal radiocarpal ligaments (back wrist 
support) and the ulnocarpal and radioulnar ligaments (main support). 

• Tendons. Most of the muscles which produce movement in the hand and wrist are located in 
the forearm; the tendons are their terminations and they join to the bones. The most important 
are the profundus tendons and the superficialis tendons. 

 
The hand is also composed of the same components as the wrist (ref. Figure 7): 

• Bones. The metacarpal bones provide structure to the hand palm, and the phalanges are 
located in the fingers, having each one 3 phalanges except the thumb, which has two. 

• Ligaments. The principal are the collateral ligaments (prevent lateral movement of the 
fingers) and the volar plate (connects the two phalanges proximal to the palm). 

• Tendons. Most important are the extensor and flexor tendons, and the extensor pollicis brevis 
and pollicis longus (control thumb movement). 
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Apart from these components, the nerves and blood vessels previously mentioned in the forearm end 
in the hand.  

 

Figure 7. Hand bones and joints, from research gate 

 
1.2.4 Wrist measurements. CAD 3D Model of the wrist prosthesis 

Wrist full movement is difficult to obtain in hand prostheses. Normally, this movement is just reduced 
to rotation, leaving the pivot movement. This became even more difficult when trying to implement 
the movement electrically. In this prosthesis, it has been decided that the wrist design would be able 
to rotate, but not electrically driven. This decision was made because of two reasons:  

• First, the microcontroller chosen for this application only had enough PWM ports to control 
the finger movements, but not the wrist. 

• Secondly, the added complexity will result in more time spent in this part, and less 
compatibility with users that have wrist disarticulation or long transradial amputation. 
 

The final design was implemented using a hollow screw that joins the hand with the forearm. Its 
center hole allows cables to pass from one region to the other, which can be useful to store batteries 
in the forearm (in case there is enough space for them after the person severed forearm is fitted) or to 
communicate to sensors that may be placed in the interior of the forearm prosthesis. 
 
Because of the shape of the connection between the arm and the wrist, the movement can be restrained 
tightening the hand screw, and the hand can rotate freely when untighten. However, once it is 
retightened, the hand will be kept in one of the possible fixed positions. The measures taken for the 
wrist in this design are the same as those used in the forearm (check forearm measures table, wrist 
section). 3D model is shown in Figure 8. 
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Figure 8. Wrist exploded view. Note that the hand was replaced by the silver solid shown 

Apart from including electrical movement and pivot, one possible upgrade to this system that could 
be easily implemented is a spring system that removes the necessity of turning the screw to rotate the 
hand. This is a possibility that will be explored in future revisions of the model. 
 
 
1.2.5 Hand measurements. CAD 3D Model of the hand prosthesis 

Modeling of the hand required several iterations to make the movement of the fingers right. All 
fingers have two joints that can be moved by the action of a servomotor. Because of that, mounts in 
the palm and the finger were needed to place the servos, making the election of servos difficult. The 
servos chosen will be discussed in the electronics section. 

The measures taken for the design of the hand and fingers are shown in the Table 2. 
 Measurement (in mm) 

Wrist width 62 

Wrist thickness 47 

Hand length (from wrist to end of the 3rd metacarpal) 80 

Hand width (knuckles reference) 78 

Hand width (to end of the thumb metacarpal, extended) 100 

Medium width proximal phalange (index, middle and ring finger) 22 

Medium thickness proximal phalange (index, middle and ring finger) 20 

Pinky proximal phalange width 20 

Pinky proximal phalange thickness 19 

Index length 79 

Middle length 95 
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All fingers (except for the thumb) present the same movement: one servo placed in the proximal 
phalange and another placed on the palm. This allows the finger to be fully extended and, when 
contracted, the back of the finger is parallel to the palm (ref. Figure 9). 
 

 

Figure 9. Index finger in extended and contracted position 

The thumb is the exception to the rule, as its movements can be complicated to replicate. In this case, 
a rotation of the thumb metacarpal was added, along with a joint that allows flexion and contraction 
of the thumb finger (ref. Figure 10). 
 

 

Figure 10. Thumb finger in extended and contracted position 

Note that the lateral movements of all fingers have been removed. The complexity of these 
movements was inadequate for this type of prosthesis and required more actuators, which were 
difficult to implement in the space left. 
 

Ring length 88 

Pinky length 67 

Thumb length 55 

Thumb proximal phalange width 23 

Thumb proximal phalange width 23 

Table 2. Measurements of the right hand 



24 
 

It is interesting to explain how the movement is transferred from the servo to the finger. Note that the 
rotation of the servo is not aligned with the rotation of the finger. The objective of the servo rotation 
is to act as a rod-crank mechanism. If we thought that the servo rotates in the Z-axis, and the finger 
rotates in the X-axis, the rotation of the servo in the Z-axis is transformed to a linear movement 
applied to one of the ends of the phalange, which then is converted to momentum. This momentum 
is responsible for the rotation in the X-axis of the finger (ref. Figure 11). 

 

Figure 11. Movement transfer in the finger 

Finally, the hand's final piece is a partial cover that hides the electronics and the servos in the palm. 
This results in the familiar form of a hand, however, something to consider here is that, to improve 
the space for electronics, 10 mm were added in the length of the final design of the palm (ref. Figure 
12).  

 

Figure 12. Final assembly of the prosthetic hand (no servos) 
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Several improvements can be made to the hand, for example: 
• A third servo could be implemented in each finger, providing movement between the middle 

and distal phalanges. However, a new microcontroller would be needed to handle the servos 
and the range of movements in each finger would not improve much. 

• Lateral movements are not important in the index, middle, ring and pinky finger (unless you 
want to salute like Spock). However, they are beneficial to the movement of the thumb. Other 
solutions to the movement of the thumb could be implemented to improve its function, 
especially making it more capable of doing grasp and clamp movements. 

• The use of flexible pads in the interior of the palm and fingers can improve the grip on the 
hand. 

Drawings and more images of the hand and forearm parts are included in the 1st appendix. 
 
1.3. Additive manufacturing technologies. Definition, origin and types 

The ISO/ASTM 52900 describes additive manufacturing as a “process of joining materials to make 
parts from 3D model data, usually layer upon layer” [10]. In recent years, additive manufacturing has 
been growing in popularity as an efficient solution in the fabrication of prototypes, being able to 
produce parts in short times with great quality and mechanical properties. Moreover, this process is 
extremely efficient with raw material, and flexible, as changes in the design result in direct changes 
in the product, without having to make new molds. 

Additive manufacturing can be divided into seven categories [11]: 
• VAT Photopolymerization. A pool of resin is cured layer by layer thanks to a light source, 

which activates the polymerization process only in the area it hits. There are mainly two 
subtypes in this category [12]: 

a. SLA (Stereolithography). In this process, a single laser beam is focused in the bed-
chamber, which is transparent. The resin is placed in a deposit with transparent base, 
which is placed onto the bed. The laser beam travels through the transparent 
superficies and impacts the resin, curing it point by point. Once a layer finishes, the 
bed lifts and another layer is printed. 
It is interesting to mention that SLA technology was the first additive manufacturing 
technology that hit the market, in 1987, by 3D Systems [13]. 

b.  DLP (Digital Light Processing). The form factor and resin placement are similar to 
the SLA, but instead of using a laser it uses a projector. This way, instead of doing 
the curing process point by point, it does all the layer at the same time. This results 
in faster printing; however, the resolution of the projector and the size of the bed are 
normally limiting factors of this technology, having worse surface finish than SLA 
in general. 

• Binder Jetting. In this process, a binder agent is released in a surface covered by material 
powder, joining that material in the zones the binder is placed. Doing this process layer by 
layer, a 3D piece is obtained. Binders can have multiple origins depending on the powder 
material used (polymer, metallic). Although not requiring high temperatures and being faster 
than other additive manufacturing processes, this process is not well suited for structural parts. 

• DED (Direct Energy Deposition). This technique works similarly to arc welding, but instead 
of using noble gases to protect the welding, material in powder form is projected to a very hot 
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spot in the nozzle to transform them into liquid state, then applied on the surface. This 
technique is used in special applications, such as repairs of helicoidal shapes o turbines. 
Depending on the nature of the hot area, Direct Energy Deposition can be divided into three 
types: laser-based DED, electron beam-based DED, and plasma arc-based DED. Primarily, 
the material used in this application is metals of special treatment, such as nickel alloys, 
niobium, etc. 

• Material extrusion. This technique is usually called Fused Deposition Modelling (FDM), 
although it can be also known as Fused Filament Fabrication (FFF), as FDM is trademarked 
[14]. It consists of a continuous filament or pellets being fused, then extrudes through a nozzle 
of a certain diameter. The nozzle moves in the 3 axes, creating a piece. It is one of the most 
popular and cheaper methods of additive manufacturing. 

• Material jetting. This process is similar to an inkjet printer but adding a Z-axis to the process. 
Drops of material are released from a moveable printhead, then instantly cured using UV light. 
The Z-axis allows the bed to lower itself, so another layer can be printed over the already 
printed part, unlike conventional inkjet printing. 

• Powder Bed Fusion. This method consists of a layer of powdered material that is fused either 
by a laser beam, an electron beam, or direct contact with a heat source. This results in a 
conglomerate piece-powder, that can be cleaned after to extract the piece. Depending on the 
process, powder bed fusion can be separated into the following categories: 

a. Selective Heat Sintering (SHS). A thermal printhead travels around the powdered 
bed, melting specific zones. 

b. Selective Laser Sintering (SLS). A laser beam is projected to the powder, sintering 
the grains together. When referring to SLS, normally the material used is a polymer, 
as metals have a different denomination as they need a more powerful laser. 

c. Direct Metal Laser Sintering (DMLS). Same as above, but with a laser capable of 
sintering metals. 

d. Electron Beam Melting (EBM). Similar to the previous two, but instead of using a 
laser, an electron beam is used. 

All processes have in common the base, consisting of a piston in the bed-chamber that lowers 
every time a layer is printed, and two deposits that hold the remaining powder. A roller is 
responsible for dispensing a thin powder layer from the deposit to the bed each time the bed 
lowers. 

• Sheet lamination. This process consists in stacking thin sheets of material previously cut to 
form the piece. They differ depending on the type of material used (from paper to carbon 
fiber), the tools used to cut the sheets (CNC router, laser cutter), and the bonding agent 
between the sheets. It is one of the easiest and faster technologies of additive manufacturing, 
but precision and layer adhesion are not their strongest points. 
 

General advantages of the additive manufacturing process are the production of complex geometries, 
the decrease in wasted material, the flexibility in production, the fast production of prototypes, the 
use of a great variety of materials (such as steel alloys, polymers, ceramics), etc. However, one of its 
biggest downsides is that they are not prepared for the production of large quantities of the same 
piece, they need post-treatments, its mechanical properties may not be great (they normally present 
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anisotropy) and they can be quite costly to implement in an industrial application, especially if it is 
not FDM printing. 
 
 
1.3.1   FDM printing. Election of material 

As the title implies, the additive manufacturing process chosen for the development of the prosthesis 
was material extrusion, also known as FDM. FDM was chosen because of the accessibility to the 
machine the author of this work has, having one in possession. Also, the cost of the materials was 
considered, and both the machine and the material cost less in this process compared with the rest.  

Several materials can be chosen when using FDM printing. Some of them are explained in Table 3. 

Material Description Advantages Disadvantages 

PLA Polylactic Acid. Polymer with similar 
properties to PET, biodegradable 

-Easy printing 
-Great surface finish 
-Very stiff 
-Decent layer adhesion 
-It can be post-process using 
sandpaper and acrylics. 

-Poor heat resistance 
-Poor resistance to UV light 
-Brittle, poor impact resistance 
-Hygroscopic 

ABS Acrylonitrile butadiene styrene. 
Common thermoplastic polymer, 
heavily used in industry 

-Better UV resistance than 
PLA 
-Better heat resistance 
-It can be post-process using 
acetone (glossy finish), 
sandpaper and acrylics. 
-Good impact resistance 

-Harder to print than PLA 
(warping) 
-Odor and fumes when printing 
-Worse layer adhesion than 
PLA 
-Hygroscopic 

PET Polyethylene terephthalate. Polymer 
heavily used in the industry of bottles 
and clothes 

-Good impact and stress 
resistance 
-Good layer adhesion 
-High humidity resistance 
-High UV resistance 
-Decent heat resistance 
-Relatively easy printing 
-Can be post-process using 
sandpaper and acrylics 
-Safe for food-contact 

-Heavier than PLA and ABS 
(not much) 

Nylon Polyamide. Usable for rigid and 
flexible parts 

-Excellent impact resistance 
-Good chemical resistance 

-Poor layer adhesion 
-Difficult to print 
-Poor heat resistance 
-Hygroscopic 
-Can emit fumes when printing 

TPU Thermoplastic polyurethane. Broadly 
available elastomer 

-Best resistance to impact, 
especially design for flexible 
pieces. 
-Good abrasion resistance 
-Good oil and grease 
resistance 

-Difficult to print 
-Not suitable for rigid structures 
-Difficult to post-process 
-Highly hygroscopic 

Table 3. Properties of commonly used FDM printing materials 
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For the prosthesis in this project, probably one of the most suited alternatives would be PET, as it is 
easy to print and have better properties than PLA, especially outdoors. However, other alternatives 
can be searched for this application. The hand may not be as important as the forearm in this case, as 
the hand does not have direct contact with the skin all the time. In the case of the forearm, there are 
filaments with antimicrobial properties than can be used. This is the case of PLACTIVE™, a PLA 
based filament reinforced with copper nanoparticles that ensure low bacterial activity in the 
prosthesis. This filament has been used in a finger prosthesis, proving its effectivity removing 99.9% 
of the bacteria presence after 24 hours [15]. This would be a good alternative to the PET previously 
mentioned. 
 
Moreover, TPU could be used two in future revisions of the prosthesis. Its flexibility would be used 
to make internal inserts into the prosthesis, improving its comfort and fitting. Also, grease and oil 
resistance is a plus in a material that would be in direct contact with the skin. The same enterprise 
that commercializes PLACTIVE™ (Copper3D) has a similar filament called MDFlex that could be 
used for this purpose.  
Nevertheless, the filament used in this prosthesis was PLA, both in the hand and forearm. It is not the 
best suited for this application, however, because of the situation in which this project was realized 
(COVID-19), it was the filament the author had access to. Anyway, the results were good for this 
application, but the filaments previously discussed could be used in a final version. 
 
1.3.2   FDM printing. From model to piece 

There are several steps needed to obtain a 3D printed piece, beginning in the design of the piece. 
Once designed, the piece should be converted into STL format. STL (Stereolithography, not to be 
mistaken with the 3D printing process SLA) is an archive format that contains information about the 
scale and shape of the modeled object, but does not contain information about color, material, 
mechanical properties or other settings needed for the 3D printer. This archive is then read by the 
slicer, which is a program that “slices” the STL model into layers, based on layer thickness parameter. 
There are several settings in the slicer that can be adjusted to fabricate the model, such as layer height, 
line width, infill pattern, nozzle temperature, travel speed, etc. The slicer chosen for this application 
was Cura, as it makes great supports that are easy to peel off. The main parameters used in the 
fabrication of the pieces are shown in Table 4. 

Table 4. Slicer Parameters 

Layer thickness 0.2 mm 

Line width 0.4 mm 

Outer wall thickness 1.2 mm 

Top and bottom thickness 0.6 mm 

Infill Density 30% 

Infill Pattern  Triangular/Gyroid 

Nozzle Temperature 210 ºC 

Bed Temperature 60 ºC 

Printing Speed 80 mm/s 

Travel Speed 200 mm/s 
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The slicer then converts the .stl file into a .gcode file. G-code, also known as RS-274, is a type of file 
used for Computer Numerical Control (CNC). This file can be read directly by the 3D printer. The 
flow of information is shown in Figure 13. 

 

Figure 13. Information flow from CAD to printed object 

The printer chosen for this project was a Creality Ender 3, with direct extrusion modification thanks 
to an E3D Hemera extruder (ref. Figure 14). The new extruder proved to be reliable and suitable for 
flexible filaments, although in this project no flexible filament was used. Nevertheless, the previously 
mentioned flexible pieces could be printed using this printer. 
 

 

Figure 14. Creality Ender 3, with modifications 

In the printing process, there were some issues that needed solutions. The main one was the 
orientation of the pieces. As previously stated, FDM printing produces pieces that are anisotropic, 
meaning that they have different mechanical properties depending on the direction the forces are 
applied. This is especially relevant, as the pieces are weaker when applying forces in the Z direction 
of the printing because the adhesion between layers is not perfect. The bores in the pieces had to be 
placed perpendicular to the Z-axis so that they do not break when forces are applied. That was not 
possible in all the holes, so several iterations of some pieces were needed to find the optimal 
compromise between the forces applied in a vertical bore and a horizontal bore.  
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Supports could be a problem too. Sometimes, the removal of the supports could result in damage to 
some fragile parts, so tweaking support parameters in the slicer were needed. Moreover, the support 
and other printing defects might have been reflected in the final aspect of the prosthesis. 
Postprocessing techniques can be used to eliminate those defects, such as sanding, applying a layer 
of epoxy, and priming. 
 
Overall, the printing process was successful. The electronics and pieces were then put together using 
M2, M3, and M4 screws, and the range of movements proved to be the expected in the 3D model. 
Velcro straps were attached to the forearm, then tested over the forearm. They proved to be 
comfortable. The printed model of the prosthesis is shown in Figure 15. 
 

 

Figure 15. Final Hand and Forearm 3D printed 
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2. Electronics. Selection, characteristics, and electrical diagram 

The source of movements in the prosthesis is hobby-grade servos. A servo is a motorized device that 
provides feedback from the position of the rotor, so control loops can be used in this type of system 
to accurately manage rotor position or speed. Hobby-grade servos (ref. Figure 16) are small 
implementations of these devices that normally run on 5, 12 or 24 volts and are used in robotics and 
aeromodelling primarily.  This type of servos has the following components [16]: 

• Servo Arm. Slotted in the output shaft, the arm transmits the movement of the rotor to the 
system is connected with. 

• Gearset. The gearset is connected to the motor and reduces the output speed while increasing 
the torque. These are normally fabricated in the following materials: 

a) Nylon. Cost-effective and light, but they break when sufficient torque is applied to 
them. Most hobby-grade servos use this type of gearset. 

b) Metal. Increase the effective torque quite much compared with the nylon, and do not 
break, but they wear rapidly and can lose accuracy. 

c) Karbonite. Increase up to 5 times the break and wear resistance of the nylon ones but 
are expensive and not as common. 

• Motor. It converts electrical energy into mechanical energy. They are normally 3 pole DC 
motors with ferrite core. 

• Potentiometer. The potentiometer is connected to the output shaft of the servo, so when the 
shaft moves, so does the potentiometer. This acts as a feedback signal of the position of the 
rotor, sent to the controller. These potentiometers are the reason servos cannot do full-
rotations. 

• Control board. Takes the PWM signal from the microcontroller and converts it into an angle. 
It also takes the resulting angle from the motor to check that the angle is correct.  It includes 
an H-bridge to regulate speed and power of the motor. Nowadays, there are two types of 
hobby-grade servos depending on this component, “Analog” and “Digital”. Digital works 
better than the Analog ones, having quicker response and less Deadband (that means the 
minimum necessary movement in code that moves the servo). 
 

 

Figure 16. Hobby-grade Servomotor dismounted, from electronicshub.org 
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Hobby-grade servos come at different qualities and prices, finding some of them for 2-3€ per unit, 
making them ideal for these types of projects. When looking at models, size is one of the most 
important parameters for the prosthesis, as proximal phalanges do not have much space to host a 
servo. 
 
One of the most used servos for robotics is the SG90 (ref. Figure 17 and Table 5), from TowerPro. 
Its small size, prize and decent torque would make it ideal for this project. However, its size is not 
small enough for all the fingers, being enough for the thumb movements but not for the rest. Although 
some prosthesis models use these servos [17], these hands tend to be quite large and chunky. Other 
models should be studied for the index, middle, ring and pinky finger movements. 
 

 

Figure 17. TowerPro SG90 Micro Servo, dimensions 

 
Aliexpress has a wide variety of hobby-grade servomotors to choose from, and one of them seems 
promising. The GH-S37D (ref. Figure 18 and Table 6) from PES is a digital servomotor smaller than 
the SG90, and that can be also powered with 5V.  This servo, however, does not have many technical 
characteristics in its description and does not have many reported usages in other projects. 
Nevertheless, its size and cheap price made it the perfect candidate for the prosthesis finger 
movements. 

Motor Model SG 90 

Servo Type Analog 

Degree Rotation 180±15º 

Supply Voltage 5V (4.8-6V) DC 

Current (Idle) 10 mA 

Current (Movement) 100-250 mA 

Current (Locked Shaft) 360 mA 

Stall Torque 1.7 kg-cm 

Speed 0.12s/60º 

Dimensions 32.2x31x11.8 mm 

Table 5. TowerPro SG90, datasheet 
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Figure 18. GH-S37D Digital Servo, from Aliexpress 

 
Note that the torque is half the one in the SG90, so tests should be conducted to see if it is enough 
for the correct movement of the fingers. Also, there is no information about power consumption. 
Chapter 4.2 from the report shows the tests done to this servo to calculate its typical power draw. 
 
During the progression of the project, two out of the eight GH-S37D servos broke, and 
replacements were needed. It was not possible to replace them with the same model, so other 
solutions were searched. Servomotors ES9051 and ES9251 II from EMAX (ref. Figure 19) were 
bought to substitute them. ES9251 II was really handy for the pinky proximal phalange movement, 
as it results to be even smaller than the GH-S37D. Nonetheless, hand prosthesis could have been 
completed using only SG90 and GH-S37D. 

 

Figure 19. ES9051 and ES9251 II Servomotors 

 
1 Dimensions were obtained by the autor using a caliper.  

Motor Model GH-S37D 

Servo Type Digital 

Supply Voltage 5V (4.8-6V) DC 

Stall Torque 0.7 kg-cm/0.069 N-m(4.8V) 

Speed 0.1s/60º 

Dimensions1 31.7x24.4x9.1 mm 

Table 6. GH-S37D specifications 
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As a minimum, the microcontroller of this project needed to have at least 10 PWM ports to control 
the 10 servos connected to it. It would be also appreciated that it has some kind of connectivity, such 
as Bluetooth or WiFi, so no other modules need to be attached to it. It should be also small enough to 
fit inside the hand prosthesis. Arduino released a new series of microcontrollers in 2019, the Arduino 
Nano 33 series. It has three models: the Arduino Nano 33 IoT, Arduino Nano 33 BLE and Arduino 
Nano 33 BLE Sense. The Arduino Nano 33 IoT (ref. Figure 20 and 21) has 11 PWM ports and 
WiFi/BLE connectivity. Having the support of Arduino IDE and costing just 16€, seems like an 
excellent candidate. 

 

Figure 20. Arduino Nano 33 IoT, from Arduino.com 

This board is based on the SAMD21 Cortex®-M0+ microcontroller, being much powerful than the 
original Nano. CPU runs up to 48 MHz, and has a 32-bit RTC, USART, I²C, I²S and SPI connections,  
12 bit ADC and 10 bit DAC, and up to 52 programmable I/O pins. Note that the CPU runs at 1.6-
3.6V, but the board uses a step-down DC-DC converter to 3.3V (Maximum Input Voltage of 21V). 
The board also has a u-blox NINA-W102 module (based on the popular ESP32 microcontroller), that 
gives WiFi 802.11b/g/n 2.4GHz and Bluetooth 4.2 connectivity. With this module, it is possible to 
both connect and host an AP. In conjunction with the main microprocessor, it can be used to host 
servers. 
 
Moreover, the board has ATECC608A CryptoAutenthication™ device from Microchip, a 9-axis IMU 
LSM6DS3 and USB TypeB 2.0 connection. It also uses 256KB of flash memory and 32KB of RAM. 
Overall, it is a pretty compact and capable board. 

 

Figure 21. Arduino Nano 33 IoT Pinout, from Arduino.com 
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General electrical schematic of the project is shown in Figure 22. 

 

Figure 22. General Electrical Schematics 

About powering up the circuit, in the tests a modified ATX power supply will be used to supply 5 
volts. This is to ensure that, during the behavior test and the power demand test, the power supply is 
not an issue. Nevertheless, a portable solution based on batteries should be a nice implementation of 
the circuit.  
 
One possible battery solution is the use of an LM2596 step-down DC-DC converter (ref. Figure 23) 
in conjunction with a 9V battery. Boards with this converter are sold for 2-3€, and the solution would 
be compact enough to fit inside the hand. However, it is probable that in day to day use the batteries 
would discharge quickly, and using not-rechargeable batteries is probably not the best solution. It is 
possible to use LiPo RC batteries also, or two 18650 LiPo in series connected to the LM2596, but 
both solutions would have to be implemented in the forearm as the hand will not have enough space. 
The use of the LM2596 is delimited by the power demand of the system, so it will be discussed in the 
test chapter. 

 

Figure 23. LM2596 module, from Amazon 



36 
 

2.1. Finger torque calculus. Worst case scenario 

As shown previously, the maximum torque supported by the GH-S37D servomotor is 0.069 N-m. As 
previously said, even though there are models using the SG90 for similar purposes [17] without 
problems, it is necessary to theoretically check if the servos chosen for this application are suitable. 
Because of that, worst-case scenario’s studio about GH-S37D is presented in this section. 

Servo chosen was the one placed in the joint between the palm and the middle finger. The middle 
finger is the heaviest of all fingers, and because the lower servo must support all the weight of the 
finger when extending, it is considered the servo most likely to fail in this application. General 
representation of forces in this case is shown in Figure 24. 

 

Figure 24. Forces implied in finger movement 

Where W is the total weight of the servo in its mass center and F is the force applied by the servo. 
When the middle finger moves towards the palm, both forces contribute to the movement, but when 
it extends, weight opposes the force generated by the servo. That is the reason why calculus will be 
done when the finger is moving from flexed to extended, as it is the worst case.  
 
Weights in the proximal phalange (including servo) and middle phalange are 9.4 grams and 9.6 grams. 
Considering that total finger length is 91 mm, and mean thickness is 30 mm, it is possible to make an 
approximation of the L1 vector as the middle point in both length and thickness (that is, 40.5 mm in 
X axis and 15 in Z axis). This gives a ‘b’ angle value of 21.7º, and a L1 longitude of 43.2mm . L2 
longitude is 11.4 mm and ‘a’ angle is 52.9º. With all these values, it is possible to calculate F required 
to move the finger using the equation below. 

𝐹𝐹 ∗ 𝐿𝐿2 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎 + 𝛼𝛼) −𝑊𝑊 ∗ 𝐿𝐿1 ∗ cos(𝑏𝑏 + 𝛼𝛼) = 0 
Where α is the angle of the finger when moving, considering 0º when finger is flexed towards the 
palm and 90º when finger is extended. Two things to consider about the equation noted before: 

• The sum of moments is 0, which means that the equations consider �̈�𝛼 = 0, so the angular 
velocity is taken as a constant, not taking into account the finger movement start. 

• No friction force in the joint has been added to this equation, as there was no theoretical way 
to calculate its value. 

 
It is also necessary to look at how the torque in the servo is transmitted to the finger. Figure 25 gives 
a representation of those forces.  
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Figure 25. Force representation in the servo 

Where Fs is the product of the servo torque times the radius of the servo arm, and F is the opposing 
finger reaction. Maximum and minimum angle of the proximal phalange middle finger’s servo can 
be looked at Table 7, giving a total angle range of 120º, and are also shown in Figure 26. 

 

Figure 26. Servo angle extended (left) and flexed (right) 

‘c’ parameter is measured at 40º using an angle meter. It is possible to calculate the torque of the 
servo applied to the finger using the following formula: 

𝐹𝐹 =
𝑇𝑇
𝑅𝑅
∗ 𝑠𝑠𝑠𝑠𝑠𝑠(𝑐𝑐 + 𝛽𝛽) 

Where T is the torque produced by the servo, R is the radius (12 mm), and β is the angle of the servo 
when moving, considering 0º when the finger is flexed towards the palm, and 120º when the finger is 
extended. With the mentioned equations, and considering that α and β are directly proportional,  it is 
possible to write a small Matlab script that gives needed torque values of the servo while moving the 
finger related to the angle of the servo. Figure 27 shows the torque evolution. 
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Figure 27. Torque in function of middle finger angle, in N-m 

As shown in the graph, torque demand is always substantially lower than the maximum torque of the 
servo (0.069 N-m, from Table 6). Once it surpasses 68º, the weight of the finger even helps the servo 
to move it. This demonstrates that GH-S37D should be able to move the finger without issues. Matlab 
script can be found in Appendix 2. 
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3. Programing of the hand prosthesis 

This chapter will explain the methodology followed to program the forearm, distinguishing between 
the processing of the signal using Neural Networks, the movement of the fingers implemented in the 
microcontroller, and how these programs communicate with each other. 

 

3.1   Neural Networks. Definitions 

Before talking about Neural Networks and how they work, it is necessary to understand a few 
previous concepts. First, let’s talk about Artificial Intelligence (AI). This term has a wide pool of 
definitions, as talking of “intelligence” in general normally has. This document will stick to the 
definition written by Rich and Knight in their book Artificial Intelligence, which defines AI as “The 
study of how to make computers do things at which, at the moment, people are better.”. Computers 
are great in terms of mathematical calculus, signal processing, graphical representation, but when 
faced with trivial problems they sometimes stump. For example, people are taught to distinguish 
between a dog and a cat, but when you ask a computer to differentiate them, there is not a 
mathematical direct way to differentiate them. This intuitive task for a human is not intuitive for a 
computer. The development of Artificial Intelligence tries to improve the response of computers when 
faced with problems like photography classification. 

One of the categories of Artificial Intelligence being developed is Machine Learning, that is, the 
capability of a computer to learn how to do a specific task using trying and error. The programmer 
can establish the environment in which the machine will try to do the task, the variables, but instead 
of exactly telling it how to do it, it will leave the machine acting randomly. Then, the program will 
try to identify the factors that are relevant in the process, and optimize them to do the task as precisely 
as possible, or as fast as possible. 
 
Learning process of these types of programs can be separated into three main categories: 

• Supervised training. In this training, the machine has data previously labeled (solved) for the 
problem it is facing and tries to develop an algorithm that could be used to solve a similar 
problem with a different batch of data. There are mainly two types of supervised training: 

a. Classification. Given a certain input data, the program tries to classify the data into a 
group previously specified by the training data. 

b. Regression. Given a certain input data, the program tries to predict the numeric value 
of the output based on previous training. 

The processes that compose a supervised training are shown in Figure 28. 
• Not supervised training. In this training, the program has a series of indications about data 

acquisition and comprehension to solve the problem. This type of training does not need 
labeled data to work. 

• Reinforced training. The machine has previous knowledge of the problem is facing and tries 
to improve a certain result based on successive tries and its outcome. 
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Figure 28. Flow diagram of supervised training 

 

 

 

 

 

 
 
Neural Networks are Machine Learning based algorithms that try to mimic how a biological neuronal 
conglomerate would work to solve a task. But, instead of using neurons as the basic entity, it uses 
perceptrons. Perceptrons (ref. Figure 29) are artificial “neurons”, as they take a bunch of inputs as 
data and then release a single output depending on the data fed. Mathematically, a perceptron is an 
algorithm whose base form is shown below. 
 

�𝑤𝑤𝑖𝑖𝑥𝑥𝑖𝑖 + 𝑏𝑏
𝑛𝑛

𝑖𝑖=0

 

In which ‘x’ is the inputs of the perceptron, ‘w’ is the “weight” an input has over the others, and b is 
the bias, a parameter that shifts the position of the function described by the weights and inputs. A 
perceptron can also be shown as the following figure: 
 

 

Figure 29. Perceptron representation, from pythonmachinelearning.pro 

In general, a Neural Network (or Artificially Neural Network (ANN) to be exact) is a layered 
distribution of perceptrons connected one with each other sequentially that takes a series of inputs 
and produces one or more outputs. Between one layer and another, a perceptron takes the outputs of 
the previous layer multiplied by its weights, then sum them and applies an activation function that 
determines the output value.  
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Figure 31. Tanh function, from missinglink.ai 

But, what is an activation function?  Activation functions take the sum of input values and, applying 
a mathematical formula, gives an output value. There are four main types of  activations functions 
used in Neural Networks, being those [18]: 

• Sigmoid function. Converts the input values to an output value between 0 and 1. It is 
centered at coordinate (0;0.5). It is usually utilized when working with several classes, as 
its output is directly considered a probability. The function form and formula are shown in 
Figure 30. 

 

Figure 30. Sigmoid function, from towardsdatascience.com 

• Tanh. Similar to the Sigmoid function, it has an S-shape, but its range is from -1 to 1, and 
it is centered in 0. It is more suited for the classification of data with not a strong 
differentiation in the input data. The function form and formula are shown in Figure 31.  

 

 

tanh (𝑥𝑥) 

 

. 

 

 

 

 

 

• Softmax. Softmax function gives the probability of an output respect all the other outputs 
present in the model. This makes it ideal for classification tasks with more than two classes. 
Its formula is shown below: 
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 Figure 33. Swish function, from Prajit Ramachandran paper 

• ReLU (Rectified Linear Unit). ReLU is the most used activation function in ANN at the 
moment, especially in deep neural networks (ANN with more than 2 intermediate layers), 
as it is the fastest activation function learning and uses less compute power than the others. 
It goes from 0 to infinity, being its shape and formula the ones shown in Figure 32. 

 

Figure 32. ReLU function, from towardsdatascience.com 

Although being the most potent one in terms of possible applications, it has some 
limitations, as the 0 part in the negative range of x makes it inefficient when working with 
negative values. This is called the Dying ReLU problem. Some solutions have been 
developed to remove this problem, resulting in slightly different functions: 

a. Leaky ReLU. This function multiplies the negative part of x by 0.01, resulting in 
the following formula: max(x*0.01, x). 

b. ELU (Exponential Linear Function). This function uses the equation 𝛼𝛼 ∗ (𝑠𝑠𝑧𝑧 − 1) 
for values of z < 0 to eliminate the Dying ReLU problem. 

 
There is also another activation function recently discovered that is being used as an option 
to the typical ReLU, being a fusion between linear and sigmoid functions. It is called Swish, 
and in research done for Google, this function has proven to be more effective than ReLU 
while consuming similar resources [19]. The form and formula are shown in Figure 33. 
 

 
𝑥𝑥

1 + 𝑠𝑠−𝑥𝑥
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Once explain the basic structure of an ANN, it is necessary to think which parameters need to change 
to improve the precision of the system. Having a fixed ANN structure, the parameters that can be 
changed are the weights of the links between perceptrons (‘w’) and the bias, or displacement or the 
function in the x-axis (‘b’). But how a Neural Network does that? Two more concepts are needed to 
understand their behavior, being those cost function and the Gradient Descent Algorithm. 

 
Cost functions increase the value base on the difference between the ANN predicted value and the 
real value. There are several functions used in ANN, including [20]: 

• Mean Squared Error (MSE). It is mainly used for regression tasks. Its formula is: 

𝐹𝐹(𝑦𝑦�,𝑦𝑦,𝑠𝑠) =
1
𝑠𝑠

 �(𝑦𝑦� − 𝑦𝑦)2
𝑛𝑛

𝑖𝑖=1

 

• Binary Crossentropy (BCE). Used for binary classification tasks. Its formula is: 

 
Being ‘y’ the label (either 0 or 1) and ‘p(y)’ the probability of the label. 

• Categorical Crossentropy (CCE). Used for classification tasks with more than two classes. 
Note that, in this case, the output layer should have as many nodes as classes. Its formula 
is: 

 
 

The Gradient Descent Algorithm is an optimization algorithm that, based on the cost function, tries 
to find the optimal values of ‘w’ and ‘b’ for all the perceptrons and links between the perceptrons. 
This is done using the partial derivations of the cost function with each parameter (‘w’ and ‘b’), then 
updates the values of ‘w’ and ‘b’ based on the previous partial derivation. 

 
The α parameter is called learning rate. A big learning rate results in faster learning, but it may result 
in not reaching the minimum value of the cost function. A small learning rate results in slower 
learning, but it is more likely to converge near the minimum of the cost function. 

 
In the learning process of the ANN, some other terms are used, such as epoch and batch size. Epoch 
is the entire datasheet of inputs introduced to the ANN. In order to train the ANN, passing the whole 
datasheet once to the model is not enough, and results in an underfitting model. That is why several 
passes of the data are done to the model; this being the number of epochs the model used as training. 
However, passing one entire datasheet at once through the ANN may be too much for the model. 
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 Figure 34. Flowchart of the training of a ANN 

Because of that, epochs are divided into smaller datasheets, and its size is called batch size. A general 
scheme of how an ANN trains2 is shown in Figure 34. 

 

 

 

 

 

 

3.2   Myographic data acquisition.  MYO™ band and Kaggle 

Myography can be defined as the study of muscle force and contraction. This study can be performed 
in various ways, but in this work we will focus on the study of electromyography (EMG), this is, the 
study of the electrical impulses produced by the muscles. With an adequate sensor, these impulses 
can be registered, then studied to check if the muscle has contracted or relaxed. This project will not 
register signals using a sensor, instead, it will use a data repository. However, some previous context 
is needed before discussing the data used. 

The typical range of an EMG signal taken from the skin (also known as surface EMG or sEMG) is 
between 0 to 10 millivolts (peak-to-peak), with a range of frequencies between 0 and 500 Hz, being 
the frequencies between 50-150 Hz the most important ones [21]. The form of a healthy sEMG is 
shown in Figure 35. 

 

Figure 35. Surface electromyography signal form and characteristics 

When the muscle is contracted, the peaks tend to be higher, and it is possible to digitally register the 
contraction as there is a significant difference between the relaxed and contracted muscle waveform. 
This is useful when trying to register simple movements, such as making a fist or contracting your 
brachial biceps. However, when trying to register the movement of a finger, the movements are much 
subtle, and the signal emitted by a muscle may be contaminated by their surrounding muscles. To 
combat this, it is necessary to use multiple sensors at once that track different muscles. 

 
2 In other cases, the Gradient Descent Algothim may be applied for each batch, or even for each input. 
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For this project, the data was taken from the data repository Kaggle, and download as an Excel file. 
The license of the data is Public Domain (CC0), so for educational purposes there is no problem using 
it. Author of the data repository, Kirill Yashuk, used an MYO™ armband to record myographic data 
from gestures done by a hand. This data is composed of 8 consecutive readings done at 200 Hz (40 
ms of record time). The gestures chosen were rock, paper, scissors and okay. These gestures were 
recorded 6 times during 20 seconds each time, giving a total of 3000 data entries for each gesture. 

 
The MYO™ armband (ref. Figure 36) is a wearable used to register gestures. To do so, it uses eight 
surface myographic sensors in conjunction with a gyroscope that tracks the gestures and movements 
done by the hand and forearm.  

 

Figure 36. MYO™ armband, from medium.com 

This dispositive was design to fit all types of arm and forearm sizes, as its radius is expandable. The 
main uses shown by their creators, Thalmic Labs, show it being used to dynamically manage 
expositions. However, people interested in myography have used this device as an affordable, 
compact and reliable way to obtain accurate sEMG from the arm, then using it to train ANN and try 
to classify gestures. It is hoped that this device could be used by people with amputations to recover 
the function of its hand via a prosthetic hand. Unluckily, Thalmic Labs has discontinued this product, 
but it is still supported via small updates and customer service. 
 

3.3   Environment and programming language 

For this project, the programming language chosen was Python for the ANN and C++ for the Arduino 
program. C++ is the most common language used in Arduino programming, but Python was chosen 
because of two reasons: first, the author of this document took it as a challenge, as he has never 
programmed in Python before, and second, there are tons of information in programming ANN in 
Python, as well as the Keras library, that greatly reduces the complexity of the code. 

Python is an interpreted language, that meaning, that instead of compiling the code and sequentially 
following the code lines, it can be separated into different blocks and directly execute each block 
without compiling. This results in a very understandable, quick programming language. Python has 
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also the fame of being one of the most used programming languages when developing algorithms and 
math-related questions.   
 
The version of Python used in this project is Python 3.0. There are some differences with Python 2.0, 
mainly the use of Unicode for strings (instead of ASCII), the default use of float numbers (for decimal 
operation) and the use of print as a function, instead of a special statement. Python 2.0 doesn’t have 
support nowadays, but many programs and libraries still use it anyway. Luckily, TensorFlow library 
is compatible with the last version of Python, so no problems there. 
 
The environment used for the Python programming chosen was Anaconda Cloud (ref. Figure 37). 
This environment was especially suited for scientists and allows the programmer to use an internet 
browser as the interface, instead of having to download the interface. It also can provide different 
workspaces with specific libraries attached to them, being very useful when working with older 
libraries. The libraries used in the ANN program will be presented in the code discussion. 
 

 

Figure 37. Example program in Anaconda environment, Jupyter application 
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3.4   Neural Network program. Library explanation 

The ANN program can be divided into the following sections: 

 

Figure 38. ANN program: Libraries 

• Libraries and data route (ref. Figure 38). The libraries used in this program are:  
a) Tensorflow. Tensorflow is currently the most used library for machine learning. It 

was designed by Google, and it is available for Python, Swift and JavaScript 
languages. Its name is a reference to the use of tensors (multidimensional arrays of 
numbers) in machine learning. It will be run using the CPU as the main process 
unit, however, it is possible to use GPUs when training more complex ANN.  

b) Pandas. Pandas is an open-source library used for data manipulation and analysis 
in Python. It will be used to read and manipulate the Excel file containing the 
myographic data. 

c) NumPy. NumPy is an extension in the Python kernel used for number processing, 
adding vectors, operations and plot functions. 

d) Os. This module is used to access files inside the computer (such as the Excel data). 
e) Random. Generation of pseudo-random numbers. For this program, it will be 

enough, as no security-related functions are based on it. 
f) Request. Requests is an HTTP library for Python. It will be used to communicate 

the ANN program with the Arduino program through WiFi. 
g) Keras. Keras is and high-level API designed for easy modeling of ANN structures. 

Although programming an ANN from scratch can be more flexible and result in 
faster training times, for this purpose the implementation of Keras is thought to be 
enough. 

h) Sklearn. Sklearn is a library that includes various methods of machine learning, 
including classification, regression, etc. However, in this case, just some of the 
functions will be used: train_test_split, for dividing the data into test and practice 
samples; preprocessing, for the normalizer; and classification_report, to show the 
precision results of the ANN. 
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Figure 39. ANN Program: Reading and normalizing data 

• Data adaptation (ref. Figure 39). After reading the excel documents, the program 
concatenates them up into a single list. Then, the last column is removed from the list, 
being this column the one that defines the gesture done by the hand. Afterward, the data is 
split into two lists randomly, one for training and the other for testing. 
Lastly, all the data needs to be normalized. Normalization is a process that changes the 
scale of the measurements previously done. In order to improve the behavior of the ANN, 
instead of using the raw values given by the MYO™ armband, we scale them using the 
range between the lowest value and the highest value of all the series. That way, all values 
comprehend between 0 and 1. This process does not include the class column (last one), as 
it is not data received from the myograph (inputs), but the gesture done by the hand 
(output). 

 

Figure 40. ANN Program: Model description 

• Model description (ref. Figure 40). This part of the program defines the ANN model used 
for the simulation. As shown in the program, the number of inputs in the model is the same 
that the number of data values in each line of the data list (8 sensors, 8 simultaneous 
measurements). Also, the number of outputs coincides with the number of classes that can 
be represented. In the middle, there are two layers of perceptrons, using the ReLU 
activation function as its output. At the last layer, 4 outputs are present, each one describing 
the possibility of the signal being the class they represent (thanks to the softmax function). 
The compilation of the model also needs some parameters for the cost function and the 
optimizer. The sparse categorical cross-entropy cost function is the same described in 
chapter 3.1, with the difference that, in conjunction with the softmax function, excludes 
the possibility of input data having two simultaneous classes at the output. The optimizer 
adam (adaptative moment estimation) is an update to the Gradient Descent Algorithm with 
adaptable learning rates, improving its response for noisy systems and its precision [22]. 
Note that this layer disposition will be changed in the tests done in chapter 4 to find an 
optimal model for this classification problem. 
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Figure 41. ANN Program: Model training 

• Model training (ref. Figure 41). The previously compiled model trains following the 
diagram presented in Figure 22. The number of epochs may vary in the tests done 
afterward. 

 

Figure 42. ANN Program: Precision chart 

• Precision chart (ref. Figure 42). Once the model is trained, it is tested with the other set of 
inputs and, after comparing with the reference values, a classification report is emitted, 
showing the accuracy of predictions depending on the class. 
 

 

Figure 43. ANN Program: Sending gestures to the prosthesis 



50 
 

• Gesture sending through HTML request (ref. Figure 43). This function tries to emulate 
how the myograph would register the signal, process it with the ANN, then send the 
prediction to the motorized hand prosthesis. To do so, it takes a random input data line 
from the test sample, it compares it with the real gesture, then sends the predicted signal to 
the prosthesis using an HTML POST request. The microcontroller in the forearm is hosting 
a web server on a determined IP that registers the POST request with the predicted gesture 
value, then move the fingers accordingly. 
 

 

Figure 44. ANN Program: Test signal 

• Test signal (ref. Figure 44). When this function is executed, the program sends a POST 
request which value is registered by the prosthesis as a test value. This executes a sequence 
of movements in the hand that proves its range of mobility. 

Flowchart from the program and full-code will be attached in the 2nd appendix. 
 

3.4   Arduino hand prosthesis program. Library explanation 

 

Figure 45. Prosthesis Program: Libraries 

• Libraries (ref. Figure 45). Libraries used in this program are the following: 
a) SPI. SPI is used to communicate with the WiFi module in the Arduino Nano 33 

IoT. It is a required library for the correct functioning of the WiFiNINA library. 
b) WiFiNINA. This library allows WiFi connection in the Arduino Nano 33 IoT. It is 

used for connecting to a local network and then instantiate a Server that will receive 
POST requests from the ANN program. 

c) Servo. Servo is a commonly used Arduino library for controlling servos. It can 
handle various servos at the same time and does not require to tinker things like the 
frequency of the PWM signal, so it is ideal for this application. 

 

Figure 46. Prosthesis Program: Server and router parameters 

• Server and router instantiation (ref. Figure 46). Sever is hosted in port 80 
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Figure 47. Prosthesis program: WiFi properties 

• WiFi properties (ref. Figure 47). When connected through USB with the computer, this 
function shows the parameters of the WiFi connection, such as IP and MAC of the device, 
signal intensity, IP from the router, type of encryption, etc. It is mainly used for debugging 
purposes. 
 

 

Figure 48. Prosthesis program: Servo instantiation and okay gesture function 
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• Servo initialization and gesture example (ref. Figure 48). Although full gesture code will 
not be explained as it is not necessary for the aim of this document, it will be attached in 
the 2nd appendix full-code. However, it is important to discuss a few aspects of the finger 
movement. In the gestures, all the movements are executed at the same time. This may 
result in high consumption peaks, so further optimization of the prosthesis movement 
should be considered in updates. 

 

Figure 49. Prosthesis program: String functions 

• String functions (ref. Figure 49). These are custom made functions to compare and extract 
values from the POST request, as the author found default string functions in Arduino not 
to be reliable. 
 

 

Figure 50. Prosthesis program: WiFi initialization 
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• WiFi initialization (ref. Figure 50). In the Setup function of Arduino, first the 
communication with the module is tested, then it tries to connect to the WiFi specified 
before, and finally initializes the Server and prints the WiFi properties.  

 

Figure 51. Prosthesis program: Servo initialization 

• Servo initialization (ref. Figure 51). Inside the setup function and after WiFi initialization, 
all servos are activated and then the paper function is sent to make this gesture its initial 
state. In practice, it was found that sometimes two consecutive paper functions were needed 
for proper movement from the thumb. Note that all the pins coincide with all the available 
PWM ports in the Arduino Nano 33 IoT. 

 

Figure 52. Prosthesis program: Arduino loop function 

• Arduino loop function (ref. Figure 52). Loop function is responsible for the behavior of the 
hand. As shown in the code, this function first checks if a client has connected to the server, 
then checks if the client has made an HTTP request. If the request is POST, it will decode 
the message in search of the type of gesture the POST request sent, then it will be executed. 
Finally, the program will stop the connection, then try to look for another client. 

Flowchart from the program and full-code will be attached in the 2nd appendix. 
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4. Test conducted  

Before doing any type of test to the prosthesis, it is necessary to verify that the hand moves as intended 
(ref. Figure 53). After powering up, and connecting both the prosthesis and the ANN program to a 
local WiFi network, the hand move accordingly to the signals emitted from the computer. 
Nevertheless, some problems were registered while functioning.  

In the process of making the prosthesis, two out of the eight servos deployed in the index, middle, 
ring and pinky finger broke. As those were bought in Aliexpress, it was not possible to order them in 
time.  That is the reason different servos were searched for this application (discussion in the chapter 
2). The ES9251 II servo in the hand is not working as well as the others, being slower and also weaker 
than the rest. However, the gestures were showed perfectly. 
 

 

Figure 53. Prosthesis hand performing rock gesture 

Close and open positions of all fingers were tested, giving values for the mínimum and maximum 
angle of the servos (related to the Arduino Software interpretation). Those values are shown in Table 
7. 

 Close Angle  Open Angle 

Thumb (finger art.) 60º 130º 

Thumb (hand art.) 35º 65º 

Index (finger art.) 80º 170º 

Index, Middle, Ring and Pinky (hand art.) 120º 0º 

Middle and  Ring (finger art.) 100º 0º 

Pinky (finger art.) 90º 180º 

Table 7. Angle values of finger movements 
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4.1   ANN program tests and optimization 

When programming ANN, multiples parameters can be changed to increase the performance of the 
model. Some of them have been studied to perform better in specific situations, such as using sparse 
categoric cross-entropy when dealing when multiple classes in the output layer, but others, like the 
number of layers, number or perceptrons per layer, activation functions in the hidden layers, etc. 
depend on the data you provide to them. 

This chapter will show the tests done to optimize the model, changing the parameters mentioned 
before. Note that this work will not focus on studying the changes statistically, but at least three takes 
of each type of system will be done, as precision can vary between the takes.  First, it is necessary to 
have a baseline to verify if the changes done to the model are improving its accuracy or training 
quickness. The model tested will be the one shown in the ANN program chapter, consisting of a 
32/32/4 system (3 layers) using ReLU activation function in the hidden layers and softmax in the 
output layer. Results for 100 epochs are shown in Table 8. 

 

Overall, precision in the baseline model is good, but could be improved to at least reach 90% of 
general accuracy. Training is expected to take approximately 30 seconds. This will be an interesting 
parameter to compare computer demand changes when models are altered. 
 
First and foremost, let’s change the number of hidden layers and see the differences (ref. Table 9). 
 

 
 
As shown in the results, precision does not seem to be affected by the change in the number of layers. 
However, computer run-time is slightly increased when more layers are added. At first, it seems that 
this parameter does not influence the output of the data chosen. 
 

100 Epochs Precision Time (s) 

Rock Scissors Paper Okay Mean 

Baseline 
32/32/4, ReLU in hidden and 

softmax in output 

0.96 0.83 0.86 0.74 0.85 29.71 

0.93 0.78 0.80 0.77 0.82 29.98 

0.93 0.86 0.79 0.71 0.82 30.00 

Table 8. ANN Baseline model 

100 Epochs Precision Time (s) 

Rock Scissors Paper Okay Mean 

One hidden layer 
32/4, ReLU in hidden and 
softmax in output 

0.95 0.94 0.82 0.71 0.86 28.78 

0.97 0.78 0.77 0.67 0.80 28.65 

0.94 0.81 0.84 0.61 0.82 27.78 

Three hidden layers 
32/32/32/4, ReLU in hidden 
and softmax in output 

0.94 0.77 0.87 0.70 0.82 30.50 

0.95 0.78 0.91 0.70 0.84 31.01 

0.94 0.81 0.85 0.74 0.84 31.35 

Table 9. ANN model: Number of layers 
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Secondly, let’s change the number of perceptrons per layer present in the ANN (ref. Table 10). All 
of them use ReLU activation function for the hidden layers and softmax for the output layer. 

Some conclusions can be extracted from the data: 
• Computer run-time is affected by the number of perceptrons in each layer, but not linearly. 

When using small layers, times tend to be similar, but when using a 256 layer run-time was 
33% longer than the baseline. When using the 128 layers, only 2 seconds were added to 
the baseline. 

• Even though they require more time, 128 and 256 layers are a promising change made to 
the model, especially the 128 layers, increasing the precision closer to 90%. 

Note that every model has to end on a 4 node output layer, so that the softmax activation function can 
work properly distinguishing between the four classes. 
 
Finally, let’s test the model using different activation functions in the hidden layer (ref. Table 11). 
New functions are briefly explained in chapter 3.1. 

100 Epochs Precision Time (s) 

Rock Scissors Paper Okay Mean 

32/16/4 0.93 0.76 0.76 0.62 0.77 29.50 

0.91 0.88 0.72 0.60 0.78 29.41 

0.95 0.79 0.82 0.65 0.80 29.12 

64/32/4 0.92 0.84 0.91 0.76 0.86 29.73 

0.95 0.83 0.89 0.72 0.85 29.91 

0.98 0.80 0.80 0.79 0.84 30.06 

64/64/4 0.93 0.89 0.86 0.75 0.86 29.73 

0.96 0.92 0.85 0.70 0.86 29.98 

0.96 0.82 0.92 0.69 0.85 30.10 

128/128/4 0.90 0.86 0.93 0.79 0.87 32.12 

0.96 0.87 0.84 0.85 0.88 32.01 

0.94 0.85 0.74 0.83 0.84 32.63 

256/256/4 0.96 0.79 0.90 0.73 0.85 41.61 

0.95 0.85 0.64 0.71 0.79 40.70 

0.94 0.83 0.82 0.61 0.80 40.88 

Table 10. ANN model: Number of perceptrons  

 

100 Epochs Precision Time (s) 

Rock Scissors Paper Okay Mean 

32/32/4 
ELU in hidden layers, 
softmax in output layer 

0.93 0.80 0.80 0.66 0.80 30.02 

0.93 0.74 0.86 0.69 0.80 29.66 

0.88 0.77 0.73 0.70 0.77 29.87 
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Results show that ReLU activation function is outperforming both ELU and Swish for this scenario. 
This shows that, even though the later functions were developed as a replacement for the original 
ReLU, in simple applications ReLU is still a strong performer, being both efficient and accurate. 
 
From the tests performed before, it seems that the most suitable candidate for final model is the 
128/128/4 system using ReLU and softmax. However, adding a third hidden layer in this model 
showed better results than the two-layered one, reaching almost 90% of precision. Ten samples were 
taken of this configuration in order to make sure its accuracy is proven (ref. Table 12). 

 
 
Lastly, let’s take a look at the evolution of cost functions and precision depending on the number of 
epochs for this last model (ref. Figure 54 and 55). 

 

32/32/4 
Swish in hidden layers, 
softmax in output layer 

0.93 0.77 0.81 0.55 0.77 30.58 

0.94 0.71 0.82 0.59 0.77 30.23 

0.94 0.71 0.82 0.59 0.77 30.67 

Table 11. ANN model: Activation function 

100 Epochs Precision Time (s) 

Rock Scissors Paper Okay Mean 

128/128/128/4 
ReLU in hidden layers, 
softmax in output layer 

0.97 0.85 0.92 0.78 0.88 35.82 

0.97 0.91 0.91 0.77 0.89 35.75 

0.95 0.93 0.92 0.82 0.90 36.39 

0.98 0.98 0.90 0.83 0.90 36.35 

0.95 0.91 0.91 0.84 0.90 37.07 

0.97 0.83 0.94 0.79 0.88 36.09 

0.95 0.91 0.93 0.80 0.90 36.15 

0.97 0.92 0.89 0.74 0.88 35.75 

0.97 0.90 0.91 0.82 0.90 35.34 

0.96 0.89 0.94 0.84 0.91 36.79 

Overall Mean 0.964 0.903 0.917 0.803 0.894 36.15 

Standard deviation 0.010 0.039 0.016 0.031 0.010 0.494 

Table 12. ANN model: Final model 
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Figure 54. Cost function progression 

 

 

 

Figure 55. Precision progression 

As expected, both functions present a tendency to reach 0 and 1 respectively as epochs are processed. 
Note that the precision values shown in the graphics are higher than the ones showed in the tables 
before. This is because precision values in the tables are based on test data, while precision values in 
the graphs are based on training data. As training data is passed more than once in the model, it is 
expected that the predictions based on these values are more likely to be correct. 
 
4.2   Power consumption tests 

Power consumption tests are an interesting way to prove if batteries attached to the system would be 
able to sustain the power need of the prosthesis. While operating, servos can be quite power-
demanding, and even though some power consumption data are reported in the TowerPro™ SG90 
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(between 10 and 360 mA, depending on the state) [23], there is no information about the consumption 
of GH-S37D Servo Motors. 
 
Unluckily, the author of this report does not have oscilloscopes in hand to take peak measurements 
accurately, so consumption will be taken using a multimeter and taking the mean value when the 
system performs an action. This test will be powered by a modified ATX power supply working as a 
DIY laboratory power supply, and using its 5V line. This line can output up to 30A, so there will not 
be any problems in terms of stability or power demand from the servos. 
 
First, the power consumption of just one GH-S37D servo will be measured, so expected power 
consumption of the system can be determined. After subtracting microcontroller power consumption 
(measured at 77mA on average), the real power supplied to the servo is shown in Table 13. 

 
Idle consumption of the servos is very low, just consuming 2-3 mA. In locked rotor state, which 
would be the worst-case scenario, the servos consume 380-390 mA. Note that this state is not desired 
in the system, as heat building in the servos can break them. 
 
With these measurements, the general consumption of the system can be estimated (ref. Table 14). 

 
 
 
 
 
 
 

 
In theory, the system can draw up to 4 Amperes when all servos are in locked rotor state. This is, 
however, an uncommon state for this prosthesis, and typical power output is expected to be below 2 
Amperes. Table 15 shows sample values of gestures system power consumption. 
 
 

 
3 Min and max values were obtained from https://github.com/ostaquet/Arduino-Nano-33-IoT-Ultimate-Guide 

Sample Idle (mA) Free movement (mA) Locked Rotor (mA) 

1 2.1 69.5 388 

2 3.1 54.0 380 

3 2.6 52.4 386 

4 2.3 52.4 395 

5 3.2 64.5 383 

Mean 2.66 58.56 386.4 

Table 13. GH-S37D servo consumption 

Component Min Consumption (mA) Max Consumption (mA) 

Arduino Nano 33 IoT3 25 100 

8x GH-S37D 8 x 2.66 = 21.28 8 x 386.4= 3091.2 

2x SG90 2 x 10= 20 2 x 360 = 720 

Total 66.28 3911.2 

Table 14. Prosthesis minimum and maximum Power Consumption 

https://github.com/ostaquet/Arduino-Nano-33-IoT-Ultimate-Guide
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This table shows that maximum power when not moving is below 1.2 Amps, and although peak 
voltage measurements could not be obtained because of the lack of an oscilloscope, expected power 
demand should be between 2-3 A when the servos start to move (highest power demand, except for 
locked rotor).  Power systems such as batteries implemented in this design should be at least able of 
producing 2 A, with peaks of 3 A. 
Considering the battery system discussed in chapter 2, using an LM2596 with a 9V battery, the system 
should be able to work as expected, as the LM2596 has a maximum output of 3A. However, the 
overall duration of the battery should be estimated.  Nonreusable 9V batteries (excluding Lithium) 
have an approximate capacity of 500 mAh. Considering that the mean value of all the gestures is 716 
mA, and that the efficiency of the LM2596 is about 80% [24], we can use the following formula to 
determine an approximate run-time of the 9V battery in this system. 
 

𝑡𝑡(ℎ) =
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑉𝑉𝑖𝑖𝑛𝑛

∗ 𝜂𝜂 ∗
𝐶𝐶
𝚤𝚤̃
 

 
Where η is the efficiency of the LM2596, C the capacity of the battery and ĩ the mean estimated input 
current. This results in a duration of just one hour, which is pretty low, and being not rechargeable 
makes it worse. 18650 LiPo batteries are a better solution for this problem. Using two of them in 
series, the nominal voltage of them is 7.4V and the capacity is between 2000-2500 mAh. Taking a 
2000 mAh, the estimated run-time jumps up to 3.3 hours, which is still somewhat low, but more 
usable. However, these batteries do not have enough space inside the hand, so they should be stored 
in the forearm, either internally or externally. 

Sample Paper (mA) Rock (mA) Scissors (mA) Okay (mA) 

1 690 1140 780 394 

2 580 1088 747 392 

3 505 1013 790 470 

4 592 890 772 430 

5 876 940 766 480 

Mean 648.6 1014.2 771 433.2 

Table 15. Prosthesis Gestures Power Consumption 
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Conclusions 

1. Prosthesis gesture reproduction is excellent, as well as general response from the system. With 
some more development, this prosthesis model could be a real solution for people in need. The 
modular focus of the prosthesis grants that just adapting the forearm parts to the patient the rest 
of the prosthesis (hand and wrist) could be used without modifications. It can be possible to 
generate a standard model of the forearm for general public, however, this model should 
incorporate flexible internal implants that contribute to the comfort and fit of the forearm. 
Moreover, the whole prosthesis could be printed using medical filaments discussed in the report, 
having those antimicrobial properties. Nevertheless, mechanical tests of force and wear resistance 
should be done before thinking of the prosthesis as a product.  

2. Using ANN to decode patterns in myographical data showed a 90% precision when predicting 
test data using a 128/128/128/4 structure and ReLU and softmax activation functions. Although 
the classes used were just a small batch, results are promising for further development in this area. 
There is a real possibility that ANN could be used to replicate complex human hand movements, 
as well as to use it in a real environment. 

3. Although in this project ANN program and Prosthesis movement program were separated, with 
the use of more powerful microcontrollers, such as the STM32 platform, it would be possible to 
use a single embedded system to capture and process the signal, and also drive the servomotors. 
Tensorflow libraries for embedded systems are available for this purpose. 
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Appendices  

Appendix 1. Conceptual drawings of the prosthesis 
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Appendix 2. Program Flowgraph and Full-Code 

 

Figure 56. Appendix 2: Flowchart ANN Program 
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Figure 57. Appendix 3: Flowchart Prosthesis Program 
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• ANN Program Code: 
#Libraries needed  
import tensorflow as tf 
import pandas as pd 
import numpy as np 
import os 
import random 
import requests 
import tensorboard 
from tensorflow import keras 
from sklearn.model_selection import train_test_split 
from sklearn import preprocessing 
from sklearn.metrics import classification_report 
 
cd Documents/Academico/TFG/DatosTensorflow 
 
#Dumping data into the model, and normalizing 
rock_data=pd.read_csv('0.csv', header=None) 
scissors_data=pd.read_csv('1.csv', header=None) 
paper_data=pd.read_csv('2.csv', header=None) 
ok_data=pd.read_csv('3.csv', header=None) 
data=pd.concat([rock_data,scissors_data,paper_data,ok_data]) 
data_x=data.drop(64, axis=1) 
data_y=data[64] 
 
x_train, x_test, y_train, y_test=train_test_split(data_x, data_y, test_size=0.2) 
normalizer=preprocessing.MinMaxScaler() 
 
x_train=pd.DataFrame(normalizer.fit_transform(x_train)) 
x_test=pd.DataFrame(normalizer.transform(x_test)) 
x_train=np.array(x_train) 
x_test=np.array(x_test) 
y_train=np.array(y_train) 
y_test=np.array(y_test) 
 
#Model 
model = keras.models.Sequential([ 
    keras.layers.Dense(32, activation='relu', input_dim=64), 
    keras.layers.Dense(32, activation='relu'), 
    keras.layers.Dense(4, activation='softmax') 
]) 
model.compile(optimizer='adam', loss='sparse_categorical_crossentropy', 
metrics=['accuracy']) 
 
#Model training 
model.fit(x_train, y_train, epochs=100) 
 
#Generate predictions on test variables based on tensorflow model, trained previously 
y_predict=model.predict_classes(x_test) 
print(classification_report(y_test,  y_predict)) 
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#Take one prediction, compare with real and send it to the bionic hand 
a=random.randint(0,len(x_test)-1) 
if y_predict[a]==y_test[a]: 
    print("Predicted value and real value match.\n") 
else: 
    print("Predicted value and real value don't match.\n") 
print("Predicted value is:") 
if(y_predict[a]==0): 
    print("Rock\n") 
elif(y_predict[a]==1): 
    print("Scissors\n") 
elif(y_predict[a]==2): 
    print("Paper\n") 
elif(y_predict[a]==3): 
    print("Okay\n") 
     
print("Real value is:") 
if(y_test[a]==0): 
    print("Rock") 
elif(y_test[a]==1): 
    print("Scissors") 
elif(y_test[a]==2): 
    print("Paper") 
elif(y_test[a]==3): 
    print("Okay") 
     
try: 
    requests.post(url="http://192.168.100.43", data="$"+str(y_predict[a])+"$", 
timeout=5) 
except requests.Timeout: 
    pass 
except requests.ConnectionError: 
    pass 
 
 
#Send test request 
try: 
    requests.post(url="http://192.168.100.43", data="$"+str(4)+"$", timeout=5) 
except requests.Timeout: 
    pass 
except requests.ConnectionError: 
    pass 
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• Prosthesis Program Code: 
#include <SPI.h> 
#include <WiFiNINA.h> 
#include <Servo.h> 
 
char ssid[] = "Xauriuxrouter1";        
char pass[] = "elrouterdelac@sa1";  
int status = WL_IDLE_STATUS; 
WiFiServer server(80); 
 
//Wifi Status and Parameters 
void printWiFiStatus() { 
  Serial.print("SSID: "); 
  Serial.println(WiFi.SSID()); 
 
  IPAddress ip = WiFi.localIP(); 
  Serial.print("IP Address: "); 
  Serial.println(ip); 
   
  byte mac[6]; 
  WiFi.macAddress(mac); 
  Serial.print("MAC address: "); 
  printMacAddress(mac); 
 
  Serial.print("To see this page in action, open a browser to http://"); 
  Serial.println(ip); 
 
  byte bssid[6]; 
  WiFi.BSSID(bssid); 
  Serial.print("BSSID: "); 
  printMacAddress(bssid); 
 
  long rssi = WiFi.RSSI(); 
  Serial.print("signal strength (RSSI):"); 
  Serial.println(rssi); 
 
  byte encryption = WiFi.encryptionType(); 
  Serial.print("Encryption Type:"); 
  Serial.println(encryption, HEX); 
  Serial.println(); 
} 
 
void printMacAddress(byte mac[]) { 
  for (int i = 5; i >= 0; i--) { 
    if (mac[i] < 16) { 
      Serial.print("0"); 
    } 
    Serial.print(mac[i], HEX); 
    if (i > 0) { 
      Serial.print(":"); 
    } 
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  } 
  Serial.println(); 
} 
 
//Servo instantiation and gestures 
Servo h_thumb_servo, f_thumb_servo, h_index_servo, f_index_servo, h_middle_servo, 
f_middle_servo, h_ring_servo, f_ring_servo, h_pinky_servo, f_pinky_servo; 
 
void okay(){ 
  h_thumb_servo.write(35); 
  f_thumb_servo.write(90); 
  h_index_servo.write(80); 
  f_index_servo.write(80); 
  h_middle_servo.write(0); 
  f_middle_servo.write(0); 
  h_ring_servo.write(0); 
  f_ring_servo.write(0); 
  h_pinky_servo.write(0); 
  f_pinky_servo.write(180); 
  } 
void rock(){ 
  h_thumb_servo.write(35); 
  f_thumb_servo.write(60); 
  h_index_servo.write(120); 
  f_index_servo.write(80); 
  h_middle_servo.write(120); 
  f_middle_servo.write(100); 
  h_ring_servo.write(120); 
  f_ring_servo.write(100); 
  h_pinky_servo.write(120); 
  f_pinky_servo.write(0); 
  } 
void scissors(){ 
  h_thumb_servo.write(35); 
  f_thumb_servo.write(60); 
  h_index_servo.write(0); 
  f_index_servo.write(170); 
  h_middle_servo.write(0); 
  f_middle_servo.write(0); 
  h_ring_servo.write(120); 
  f_ring_servo.write(100); 
  h_pinky_servo.write(120); 
  f_pinky_servo.write(0); 
  } 
void paper(){ 
  h_thumb_servo.write(65); 
  f_thumb_servo.write(130); 
  h_index_servo.write(0); 
  f_index_servo.write(170); 
  h_middle_servo.write(0); 
  f_middle_servo.write(0); 
  h_ring_servo.write(0); 
  f_ring_servo.write(0); 
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  h_pinky_servo.write(0); 
  f_pinky_servo.write(180); 
  } 
void finger_test(){ 
  h_thumb_servo.write(65); 
  f_thumb_servo.write(60); 
  h_index_servo.write(0); 
  f_index_servo.write(80); 
  h_middle_servo.write(0); 
  f_middle_servo.write(100); 
  h_ring_servo.write(0); 
  f_ring_servo.write(100); 
  h_pinky_servo.write(0); 
  f_pinky_servo.write(0); 
  } 
void hand_test(){ 
  h_thumb_servo.write(35); 
  f_thumb_servo.write(130); 
  h_index_servo.write(120); 
  f_index_servo.write(170); 
  h_middle_servo.write(120); 
  f_middle_servo.write(0); 
  h_ring_servo.write(120); 
  f_ring_servo.write(0); 
  h_pinky_servo.write(120); 
  f_pinky_servo.write(180); 
  } 
void sequential_test(){ 
  h_index_servo.write(120); 
  f_index_servo.write(80); 
  delay(150); 
  h_middle_servo.write(120); 
  f_middle_servo.write(100); 
  delay(150); 
  h_ring_servo.write(120); 
  f_ring_servo.write(100); 
  delay(150); 
  h_pinky_servo.write(120); 
  f_pinky_servo.write(0); 
  delay(150); 
  h_index_servo.write(0); 
  f_index_servo.write(170); 
  delay(150); 
  h_middle_servo.write(0); 
  f_middle_servo.write(0); 
  delay(150); 
  h_ring_servo.write(0); 
  f_ring_servo.write(0); 
  delay(150); 
  h_pinky_servo.write(0); 
  f_pinky_servo.write(180); 
  delay(150); 
  } 
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//String functions 
bool strncmp1(String s1, String s2, int num) 
{ 
  int i; bool state = true; 
  for (i = 0; i < num; i++) if (s1[i] != s2[i]) state = false; 
  return state; 
} 
 
String getValue(String data, char separator, int index) 
{ 
    int found = 0; 
    int strIndex[] = { 0, -1 }; 
    int maxIndex = data.length() - 1; 
 
    for (int i = 0; i <= maxIndex && found <= index; i++) { 
        if (data.charAt(i) == separator || i == maxIndex) { 
            found++; 
            strIndex[0] = strIndex[1] + 1; 
            strIndex[1] = (i == maxIndex) ? i+1 : i; 
        } 
    } 
    return found > index ? data.substring(strIndex[0], strIndex[1]) : ""; 
} 
 
void setup() { 
  Serial.begin(9600); 
 
  //Wifi initialization 
  if (WiFi.status() == WL_NO_MODULE) { 
    Serial.println("Communication with WiFi module failed!"); 
    // don't continue 
    while (true); 
  } 
  WiFi.config(IPAddress(192, 168, 100, 43)); 
   
  //Connecting to AP 
  while (status != WL_CONNECTED) { 
    Serial.print("Attempting to connect to WPA SSID: "); 
    Serial.println(ssid); 
    status = WiFi.begin(ssid, pass); 
    delay(20000); 
  } 
  Serial.print("You're connected to the network"); 
 
  // start the web server on port 80 
  server.begin(); 
 
  // Status print  
  printWiFiStatus(); 
   
  //Servo initialization 
  h_thumb_servo.attach(A3); 
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  delay(100); 
  f_thumb_servo.attach(A2); 
  delay(100); 
  h_index_servo.attach(A5); 
  delay(100); 
  f_index_servo.attach(11); 
  delay(100); 
  h_middle_servo.attach(10); 
  delay(100); 
  f_middle_servo.attach(9); 
  delay(100); 
  h_ring_servo.attach(6); 
  delay(100); 
  f_ring_servo.attach(5); 
  delay(100); 
  h_pinky_servo.attach(2); 
  delay(100); 
  f_pinky_servo.attach(3); 
  delay(100); 
  paper(); 
  delay(1000); 
  paper(); 
} 
  
void loop() { 
  //When a POST request is received 
  WiFiClient client = server.available();    
  if (client) {                            
    Serial.println("new client");           
    while (client.connected()) {             
      if (client.available()) {              
        String request = client.readStringUntil('\t'); 
        Serial.println(request); 
        if(strncmp1("POST",request,4)){ 
        String value=getValue(request,'$',1); 
        int val=value.toInt();  
        Serial.println(val);  
        if (val==0) rock(); 
        else if (val==1) scissors(); 
        else if (val==2) paper(); 
        else if (val==3) okay(); 
        else if (val==4) { 
          finger_test(); 
          delay(2000); 
          hand_test(); 
          delay(2000); 
          sequential_test(); 
        } }} 
      } 
    } 
    // Stop the connection 
    client.stop(); 
} 
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• Matlab Script: 
 
L1=0.0432; 
L2=0.0114; 
R=0.012; 
W=0.019; 
a=52.9; 
b=21.7; 
c=40; 
alpha=0; 
N=120/90; 
for i=1:9000 
    alpha(i)=i*0.01; 
    
T(i)=W*L1*cos((b+alpha(i))*pi/180)/(sin((a+alpha(i))*pi/180)*L2/R*sin((c+alpha(i)*N)*pi
/180)); 
end 
plot(alpha, T) 
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Appendix 3. Final Gantt Diagram  

 

 

 

 

 

Figure 58. Appendix 3: Final Gantt Diagram, first part 
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Figure 59. Appendix 3: Final Gantt Diagram, second part 
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